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Effects of 2-Deoxygalactose on Auxin-Induced Growth and Levels of
UDP-Sugars in Higher Plants
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Galactose inhibited the IAA-induced elongation of cells in segments of oat coleoptiles but
not in segments of azuki bean and cucumber stems. In contrast, its analogs, 2-deoxygalactose
and 2-deoxyglucose, inhibited the IAA-induced elongation of cells in these plant tissues. In
segments of cucumber stems, 2-deoxygalactose inhibited formation of cell-wall polysaccharides
with little effect on respiration in terms of either reduced consumption of O, or levels of ATP. 2-
Deoxygalactose and 2-deoxyglucose caused a rapid decrease in the levels of UTP and UDP-sugars
with a concomitant increase in levels of UDP in cucumber segments. These results suggest that 2-
deoxysugars inhibit synthesis of cell-wall polysaccharides by decreasing the levels of UDP-sugars,
thereby inhibiting IAA-induced elongation of cells in cucumber segments. 2-Deoxysugars can,
therefore, be used as potential inhibitors with which to assess the role of UDP-sugars in the IAA-
induced elongation of cells in dicotyledonous plants.
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and coleoptile — UDP-glucose.

Galactose has been reported to inhibit growth of many
tissues of monocotyledonous plants. This sugar inhibits
the IAA-induced elongation of cells in segments of cereal
coleoptiles (Baker and Ray 1965, Ordin and Bonner 1957,
Yamamoto et al. 1981), the growth of maize root tips (Gor-
ing and Reckin 1968, Tanimoto et al. 1989), the prolifera-
tion of Lemna fronds (DeKoch et al. 1979) and division of
cells of wild sugarcane in suspension culture (Maretzki and
Thom 1978). Galactose has been demonstrated to inhibit
specifically the synthesis of cell-wall polysaccharides in
segments of oat coleoptiles (Yamamoto and Masuda
1984). This sugar, after its conversion to galactose-1-phos-
phate, inhibits the formation of UDP-glucose in the follow-
ing two ways: via consumption of endogenous UTP for
the preferential accumulation of UDP-galactose and via a
competitive inhibition of the enzymatic reaction (Inouhe et
al. 1986, 1987, Yamamoto et al. 1988). These results sug-
gest the importance of the metabolism of UDP-sugars in
growth of monocotyledonous plants.

Galactose has little effect on the growth of dicot-

Abbreviations: GLC, gas-liquid chromatography; HPLC,
high-performance liquid chromatography; IAA, indole-3-acetic
acid; TFA, trifluoroacetic acid.
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yledonous plants, in general. Galactose does not in-
hibit the IAA-induced elongation of cells in stem segments
from several dicotyledonous plants, in which it has little
effect on the formation of UDP-glucose (Inouhe et al.
1987b, Yamamoto et al. 1988). In addition, galactose is
known to function as a substrate for growth in many
dicotyledonous tissues (Goring and Reckin 1968, Gross et
al. 1981). Galactose, thus, cannot be used as a probe for
investigating the role of the UDP-glucose pathway in
dicotyledonous plants.

2-Deoxyglucose has been extensively used as an analog
for determining the rates of uptake and transport of hex-
oses, especially in animal cells (Jacobs et al. 1990). 2-De-
oxyglucose is also known to inhibit the glycosylation of gly-
coproteins in animal cells (Schwarz and Schmidt 1976) and
the synthesis of cell-wall polysaccharides in many types of
plant (Kratky et al. 1975, Datema et al. 1983, Jaffe and
Leopold 1984).

In the present study, we examined the effects of 2-de-
oxygalactose and 2-deoxyglucose on the IAA-induced
elongation of cells and the levels of UDP-sugars in mono-
and dicotyledonous plants. We found that the deoxy-
sugars inhibit IAA-induced elongation of cells, probably
via a decrease in the levels of UDP-sugars, in dicot-
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yledonous plants.

Materials and Methods

Plant materials—QOat (Avena sativa L. cv. Victory)
seedlings were grown in the dark for 4days at 25°C
(Sakurai et al. 1977). Azuki bean (Vigna angularis Owhi
et Ohashi) and cucumber (Cucumis sativum L.) seedlings
were grown in the dark for 5 days at 25°C (Yamamoto et
al. 1988). Coleoptile segments (20 mm long) with first
leaves removed or segments of stems were excised from the
region 3-23 mm below the tip and pooled in distilled
water. The larger segments were cut into 10-mm segments
with a double-bladed cutter and incubated with 10 mm
MES (pH 6.5) with or without 10 uM IAA and 10 mm sugar
(galactose, 2-deoxygalactose or 2-deoxygiucose). After ap-
propriate periods of incubation, the lengths of sections
were measured with a binocular microscope ( X 6.3) equip-
ped with an ocular micrometer, under a dim green light at
25°C.

Isolation of UDP-sugars and nucleotides—The extrac-
tion and purification of UDP-sugars were performed as
reported previously (Standard et al. 1983, Inouhe et al.
1987b) with slight modifications. One hundred sections
from individual stems, which had been frozen and stored at
—80°C in the dark, were homogenized with 2 ml of 0.2M
TFA at 0°C. Each homogenate was centrifuged at 1,500 x
g for 10 min at 0°C and the supernatant was collected and
lyophilized to remove water and TFA. The lyophilized
material was dissolved in 0.8 ml of distilled water and a
0.5-ml portion of the solution was loaded onto a Partisil
SAX column (Whatman Ltd., Kent, ME). The column
was eluted with a non-linear gradient of sodium dihydro-
genphosphate. The amounts of the various nucleotides
separated were determined from the absorbance of each at
260 nm and recovery of corresponding authentic nucleo-
tides, as described previously (Inouhe et al. 1987b).

Determination of sugar moieties of UDP-sugars—The
fraction of UDP-sugars, obtained by HPLC, was collected
and lyophilized. Each lyophilized sample was hydrolyzed
in 2 M TFA at 121°C for 90 min to allow the efficient hydrol-
ysis of salt-contaminated materials. The released sugar
moieties were dried, reduced, and acetylated (Albersheim
et al. 1967, Sakurai et al. 1979). The amounts of
acetylated sugars were determined with a gas-liquid chro-
matograph (Hitachi model 663) equipped with a capillary
column (SP-2330, Supelco Inc., Bellefonte, PA).

Determination of cell-wall polysaccharides—Segments
of coleoptiles and stems were killed by immersion in boil-
ing methanol for 5 min. They were then treated with pan-
creatic a-amylase (Sigma Chemical Co., St Louis, MO) and
with Pronase E (Kaken Kagaku Co., Ltd., Tokyo) for 12h
at 37°C in each case. The Pronase-treated materials were
washed three times each with distilled water, acetone, and a

mixture of chloroform and methanol (1: 1, v/v) and air-
dried at 37°C. The dried cell-wall preparation was hydro-
lyzed with 2M TFA for 90 min at 121°C to liberate the
neutral sugar components of non-cellulosic polysac-
charides (Albersheim et al. 1967, Sakurai et al. 1979). The
neutral sugar components were identified by GLC as
described above. The cell-wall residue, which had not
been hydrolyzed by 2M TFA, was regarded as cellulose.
The sugar content in this fraction was determined by the
phenol sulfuric acid method after hydrolysis with 72%
(v/v) sulfuric acid (Inouhe et al. 1987a).

Determination of tissue respiration—Rates of respira-
tion of cucumber stem tissues were estimated in term of ab-
sorption of oxygen in the dark at 25°C, by the method of
Fujii et al. (1985). Twenty segments of stems treated with
IAA and/or sugars for 2 h were dipped in 2.7 ml of distill-
ed water and absorption of oxygen was measured with an
oxygen electrode (Bioxygraph; Kyusui Kagaku, Tokyo).

Results

Effects of galactose and 2-deoxygalactose on 1A A-in-
duced elongation of cells in mono- and dicotyledonous
plants—Figure 1 shows the effects of 2-deoxygalactose on
the IAA-induced elongation of cells in oat coleoptile
segments. 2-Deoxygalactose (10 mM) inhibited the IAA-in-
duced elongation of cells after a lag of 1-2h and normal
elongation was restored when it was removed from the in-
cubation medium, as in the case of galactose (Yamamoto et
al. 1981, Inouhe et al. 1986). This result suggests that 2-de-
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Fig. 1 Effect of 2-deoxygalactose on [AA-induced elongation of
cells in segments of oat coleoptiles. Coleoptile segments
(10 mm long) were incubated in 10 mm MES (pH 6.5) that contain-
ed 10 um IAA and/or 10 mM 2-deoxygalactose. Broken line, 2-de-
oxygalactose removed at 2 h (arrows). Vertical bars denote stand-
ard errors (n=20).
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oxygalactose may have a similar effect to that of galactose
on IAA-induced growth in monocotyledonous plants.

Galactose (10 mM) had no marked effect on IAA-in-
duced elongation of cells in segments of stems of azuki
bean and cucumber (Figs. 2A and B), as reported previous-
ly (Yamamoto et al. 1988). 2-Deoxygalactose, by contrast,
strongly inhibited IAA-induced elongation of cells in these
segments (Figs. 2C and D). 2-Deoxyglucose also inhibited
IAA-induced elongation of cells in cucumber segments
(Fig. 2D), as did 2-deoxygalactose.

Effects of 2-deoxygalactose on the levels of cell-wall
polysaccharides in segments of cucumber stems—Table 1
shows the effects of 2-deoxygalactose on the levels of
neutral sugar components in the non-cellulosic fraction of
segments of cucumber stems. The major components in
this fraction were arabinose, xylose, galactose and glucose.
In the absence of 2-deoxygalactose, levels of these sugars in-
creased after a 6-h incubation both in the presence and the
absence of IAA. IAA stimulated the increases in the levels
of sugar, by 10-209% in the case of arabinose, galactose and
glucose, and by 65% in the case of xylose. 2-Deoxy-
galactose strongly inhibited the increases in the levels of the
non-cellulosic components in both the presence and the
absence of IAA. 2-Deoxygalactose also inhibited the in-
crease in levels of cellulosic polysaccharides during a 6-h in-
cubation (data not shown). These results suggest that 2-de-
oxygalactose inhibits the overall synthesis of cell-wall poly-
saccharides in segments of cucumber stems.

Effects of 2-deoxysugars on the levels of UDP-sugars
and uridine nucleotides in segments of cucumber stems—
Figure 3 shows the effects of 2-deoxygalactose and of 2-de-
oxyglucose on the levels of UTP, UDP and UDP-sugars in
segments of cucumber stems after 2h. Both in the pres-
ence and absence of IAA, 2-deoxysugars caused a 60-70%
decrease in the levels of UDP-sugars, key intermediates in
the synthesis of cell-wall polysaccharides (Ordin and Hall
1968, Hassid 1969, Carpita and Delmer 1981). 2-Deoxy-
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Fig. 2 Effects of galactose and 2-deoxygalactose on IAA-in-
duced elongation of cells in stem segments. Stem segments
(10 mm long) were incubated with 10 mm MES (pH 6.5) that con-
tained 10 um IAA and/or 10 mm galactose (A, B) or same buffer
containing 10 uM IAA and/or 10 mum 2-deoxygalactose (C, D). A
and C, segments of azuki bean stems; B and D, segments of
cucumber stems. Broken lines, treatment with 10 muM 2-deoxyglu-
cose. Open symbols, minus IAA; solid symbols, plus IAA. Ver-
tical bars denote standard errors (n=20).

sugars also caused a large increase in levels of UDP and a
decrease in levels of UTP in the segments irrespective of the
presence or absence of IAA. Both the 2-deoxysugars and
IAA had no marked effect on the apparent total levels of
uridine nucleotides (UDP-sugars + UTP + UDP).

Table 1 Effects of 2-deoxygalactose (dGal) on the levels of sugars in non-cellulosic fractions of cell walls from cucumber

stems
Treatment Rhamnose Arabinose Xylose Mannose Galéctose Glucose
ug/segment (%)
Initial 37.1 (100) 42.2 (100) 64.4 (100) 27.3 (100) 181.5 (100) 82.1 (100)
None 41.1 (111) 47.7 (113) 88.2 (137) 35.8 (131) 194.7 (108) 96.7 (118)
IAA 40.3 (109) 57.0 (134) 145.7 (220) 35.0 (128) 233.1 (129) 106.0 (129)
dGal 37.1 (100) 42.4 (100) 83.4 (126) 31.8 (116) 181.5 (101) 87.4 (107)
IAA + dGal 35.8 (96) 39.7 (94) 79.5 (120) 29.7 (109) 177.5 (99) 82.1 (100)

Twenty segments of stems were incubated in 10 mm MES (pH 6.5) that contained 10 um IAA and/or 10 mm 2-deoxygalactose for 6 h.
The cell walls were prepared and hydrolyzed with 2 M TFA, and the liberated neutral sugars were subjected to analysis by GLC.
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Fig. 3 Effects of 2-deoxygalactose and 2-deoxyglucose on the
levels of uridine nucleotides in segments of cucumber stems.
Stem segments (10 mm long) were incubated with 10mm MES
(pH 6.5) that contained 10 um IAA, 10 mM 2-deoxygalactose and/
or 10 mum 2-deoxyglucose for 2h. The segments were treated with
TFA and the levels of extracted uridine nucleotides were determin-
ed by their absorbance at 260 nm after HPLC.

The sugar moieties of the UDP-sugar fraction after
treatment with 2-deoxygalactose of segments of cucumber
and azuki bean stems were analyzed by GLC (Fig.4). The
major sugar components of the UDP-sugar fractions in
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Fig. 4 Effects of 2-deoxygalactose on the levels of UDP-sugars in segments of cucumber and azuki bean stems.

cucumber and azuki bean segments were glucose, galactose
and xylose. 2-Deoxygalactose caused a reduction of about
50-80Y% in levels of UDP-glucose in both the presence and
absence of IAA in segments of cucumber and azuki bean
stems. 2-Deoxygalactose also caused a large decrease in
levels of UDP-galactose, especially in azuki bean segments,
but it had little effect on the level of UDP-xylose in
cucumber and azuki bean segments. 2-Deoxyglucose also
caused a decrease in the levels of UDP-hexoses, as did 2-de-
oxygalactose (data not shown). These results suggest a
preferential effect of 2-deoxysugars on UDP-hexoses rather
than on UDP-pentoses in stem segments.

Effects of 2-deoxysugars on respiration by cucumber
segments—It is possible that 2-deoxysugars have some
effect on tissue respiration because of their structural
similarity to glucose. Therefore, we examined the effect of
2-deoxysugars on the consumption of oxygen by cucumber
stem tissues. The data indicated that neither 2-deoxy-
galactose nor 2-deoxyglucose inhibited the consumption of
oxygen by cucumber segments (control, 0.040-0.042 umol
O,h 'segment™!; IAA-treatment, 0.040-0.044 umol O,
h™'segment™'). Furthermore, 2-deoxysugars did not
affect levels of endogenous ATP (control, 1.1-1.4 nmol seg-
ment~!; [AA-treatment, 1.1-1.6 nmol segment™’) in cu-
cumber segmentsin 2 h. These results suggest that 2-deoxy-
sugars have little effect on tissue respiration and, thus, on
energy production, at least for 2 h.

Discussion

In segments of oat coleoptiles, 2-deoxygalactose in-
hibited the IAA-induced elongation of cells (Fig. 1) as did
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Segments of

cucumber (A) or azuki bean (B) stems were incubated with 10 mm MES (pH 6.5) that contained 10 um IAA and/or 10 mM 2-deoxy-
galactose for 2h. The sugar moieties in the UDP-sugar fractions separated by HPLC were analyzed by GLC.
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galactose (Yamamoto et al. 1981, Inouhe et al. 1987a).
This result suggests that these sugars may inhibit a
common metabolic event required for the IAA-induced
elongation of cells. In previous papers, we reported that
galactose specifically inhibits synthesis of cell-wall polysac-
charides with little further effect on various other metabol-
ic and physiological processes in segments of oat coleop-
tiles (Yamamoto and Masuda 1984). 2-Deoxygalactose
would, thus, be expected to have an effect on cell-wall syn-
thesis in monocotyledonous plants, just as galactose does.

In dicotyledonous plants, 2-deoxysugars were also
capable of inhibiting IAA-induced growth (Fig.2). This
result stands in sharp contrast to the case of galactose,
which had little effect on the growth of dicotyledonous
plants (Inouhe et al. 1987b, Yamamoto et al. 1988). Galac-
tose is easily metabolized to substrates for growth and syn-
thesis of important metabolites (Gross et al. 1981, Verma
and Dougal 1979), and it does not inhibit cell-wall synthesis
in many dicotyledonous tissues (Yamamoto et al. 1988).
2-Deoxysugars would be expected to be lacking in these
properties, with resultant inhibition of IAA-induced
elongation of cells in stem segments. In fact, we found
that 2-deoxygalactose strongly inhibited the synthesis of
cell-wall polysaccharides in segments of cucumber stems
(Table 1), with little effect on the respiration of the tissues.

So far, little has been reported with respect to the
effect of 2-deoxygalactose on the synthesis of cell-wall poly-
saccharides and the related metabolism of sugars in
plants. In the present study, we found that this sugar
caused a substantial decrease in levels of UDP-sugars, key
intermediates in the synthesis of cell-wall polysaccharides.
This result suggests that 2-deoxygalactose inhibits the me-
tabolism of UDP-sugars, thereby, inhibiting synthesis of
cell wall polysaccharides. Another analog, 2-deoxyglu-
cose, has been reported to inhibit glycosylation of glycopro-
teins in animal cells (Schwarz and Schmidt 1980), and the
synthesis of cell-wall polysaccharides in yeast (Kratky et al.
1975), an alga (Datema et al. 1983) and in pea and maize
plants (Jaffe and Leopold 1984). We found that the effects
of 2-deoxyglucose on growth, levels of UDP-sugars and
tissue respiration were similar to those of 2-deoxy-
galactose. These results suggest that their modes of ac-
tions in relation to cell-extension growth are basically
homologous and, possibly, dependent on the metabolism
of UDP-sugars.

2-Deoxyglucose has been reported to be taken up by
cells via a simple and facilitated diffusion system, being
subsequently phosphorylated by hexokinase in human mus-
cle cells (Jacobs et al. 1990). In yeast, 2-deoxyglucose and
2-deoxygalactose are taken up by at least two different ac-
tive transport mechanisms: the former is taken up by trans-
port-associated phosphorylation and the latter as free
sugar by chemiosmotic coupling, with subsequent in-
tracellular phosphorylation (Jaspers and Van Steveninck

1977). It is also known that 2-deoxysugars are readily me-
tabolized to 2-deoxysugar-1-phosphates and UDP-2-deoxy-
sugars in animal and yeast cells (Schwart and Schmidt
1976, Jaspers and Van Steveninck 1976), in reactions that
are homologous to the metabolism of galactose in oat cole-
optiles (Inouhe et al. 1986). The details of the membrane
transport and subsequent metabolism of 2-deoxysugars in
plant stem cells are not well known but can potentially be
explained by the above mentioned similar mechanisms.

In segments of cucumber stems, 2-deoxysugars caused
a decrease in levels of UTP and an increase in levels of
UDP (Fig.3). In this regard, it is interesting to note that
the 2-deoxysugars did not affect the apparent levels of total
uridine nucleotides (UDP-sugars + UTP + UDP). This
observation suggests that they have little effect on the syn-
thesis of uridine nucleotides de novo, suggesting in turn
that they may affect the interconversion or recycling of
preexisting uridine nucleotides in some manner. The effect
might not include any reduction in the source of energy
used for the recycling, since 2-deoxysugars had little effect
on levels of ATP at least over the course of 2h. It is to be
expected that 2-deoxysugars have some effect on various en-
zymatic reactions, perhaps those involved in the formation
of UTP from UDP or the hydrolysis of UDP-sugars. A
preferential decrease in levels of UDP-hexose and a con-
comitant increase in levels of UDP appear to support the
latter possibility, although further mechanistic studies are
needed to confirm this hypothesis.

The present experiments on the effects of deoxysugars
in mono- and dicotyledonous plants, together with the data
on the effects of galactose in monocotyledonous plants, in-
dicate that the cell-wall synthetic pathway, via UDP-glu-
cose, plays an important role in auxin-induced elongation
of cells in mono- and dicotyledonous plants.
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